Ceria-based ternary oxides are widely used in many areas of chemistry, physics, and materials science. Synchrotron-based time-resolved x-ray diffraction, x-ray absorption near-edge spectroscopy ͑XANES͒, Raman spectroscopy, and density-functional calculations were used to study the structural and electronic properties of Ce-Zr-Tb oxide nanoparticles. The nanoparticles were synthesized following a novel microemulsion method and had sizes in the range of 4 -7 nm. The Ce 1−x−y Zr x Tb y O 2 ternary systems exhibit a complex behavior that cannot be predicted as a simple extrapolation of the properties of 
I. INTRODUCTION
The ability of ceria ͑CeO 2 ͒ to undergo a switch between "Ce 4+ " and "Ce 3+ " oxidation states has made this oxide a key component in the three-way catalysts ͑TWCs͒ commonly used to reduce the emissions of CO, NO x , and hydrocarbons from automobile exhaust. 1 Ceria-supported noble-metal catalysts are capable of storing oxygen under oxidizing conditions or releasing oxygen under reducing conditions through a facile Ce 4+ ↔ Ce 3+ transformation. 1 In addition, CeO 2 has other important applications in many areas of chemistry, materials science, and physics. [1] [2] [3] It is a key component of solidstate electrochemical devices, which are used in fuel cells, chemical processing, and sensors. 1, 3 In its most stable phase, bulk CeO 2 adopts a fluorite-type crystal structure in which each metal cation is surrounded by eight oxygen atoms. 1, 4 The band gap of pure ceria is ϳ5 eV, 2,5 but crystal defects or impurities can transform the material into a good semiconductor. 1 Experimental and theoretical studies indicate that bulk CeO 2 is not a fully ionic oxide, [6] [7] [8] and is best described as an ionocovalent compound or covalent insulator.
6͑c͒, 8 The performance of ceria in automotive catalysts, fuel cells, and electronic devices can be enhanced by doping this oxide with different types of metals ͑Zr, Ca, Cu, Tb, La, Mn, etc͒. 1,3͑b͒,8-11 In general, this phenomenon is not fully understood. Of particular interest is to understand the behavior of mixed-metal oxides that contain Ce and other lanthanides. 1,8,10͑c͒,10͑d͒,11 Across the lanthanide series, there are significant variations in atomic size and electronegativity. 3͑a͒,4 How a given group of metals forms an oxide that has a specific set of properties is a fundamental question in solidstate chemistry and physics. 3͑a͒,4,12,13 In the most simple approximation, one can assume that the properties of a mixedmetal oxide are an extrapolation of the properties of the single oxides ͑i.e., no metal↔ oxygen↔ metal interactions͒. 12, 13 Thus, if one has a group of metals that forms single oxides with a particular crystal structure, then an ideal mixed-metal oxide should adopt this crystal structure and its lattice constant should be the sum of the lattice constants of the single oxides weighted by the composition of the system ͑Vegard's rule͒. 3͑a͒,4,12,13 A vast number of alloys of metals and semiconductors obey Vegard's rule. 3͑a͒, 4, 13 However, the behavior of a mixed-metal oxide may be nonideal or unique as a consequence of structural and electronic perturbations introduced by metal↔ oxygen↔ metal interactions. [12] [13] [14] [15] [16] It is important to identify these structural and electronic perturbations because they can determine the chemical reactivity of ceria-based oxides. 8, 16, 17 In previous studies, we have examined the properties of Ce 1−x Zr x O 2 , 17, 18 Ce 1−x Ca x O 2 , 19 and Ce 1−x Tb x O 2 . 8 In these oxide systems, cerium is mixed with a transition metal ͑Zr͒, an alkaline-earth metal ͑Ca͒, or a lanthanide ͑Tb͒. It is known that doping with Zr, Ca, and Tb affects the performance of ceria in catalytic processes. 1,10͑a͒,20,21 We found that Zr mixing ͑Ce 1−x Zr x O 2 ͒ improved the thermal stability of ceria nanoparticles, but did not introduce a significant number of oxygen vacancies. 17, 18 On the other hand, Ca mixing ͑Ce 1−x Ca x O 2 ͒ introduced a lot of oxygen vacancies in the host structure, but the mixed-metal oxide had a relatively low stability and phase segregation into CeO 2 and CaO was observed at temperatures close to 700°C. 19 The Tbcontaining oxides ͑Ce 1−x Tb x O 2 ͒ displayed stability at high temperature against phase segregation and a reasonable concentration of O vacancies, being attractive for chemical and catalytic applications. 8 Ternary oxides are not uncommon in catalysis and materials science, 1,10͑c͒,10͑d͒,13 and there is a need to obtain a basic understanding of their behavior.
3͑a͒, 4, 13, 15 In this article, we investigate the structural and electronic properties of Ce-Zr-Tb oxide nanoparticles using x-ray absorption near-edge spectroscopy ͑XANES͒, Raman spectroscopy ͑RS͒, time-resolved x-ray diffraction ͑TR-XRD͒, and first-principles density-functional ͑DF͒ calculations. Our results clearly show that a ternary oxide can have distinctive electronic properties not seen for single or binary oxides. 
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Preparation of the Ce-Zr-Tb oxides
Oxide nanoparticles containing Ce, Zr, and Tb were prepared using an adaptation of the microemulsion method used previously for the synthesis of Ce 1 ͑CZT929 and CZT424 in our notation͒. In these systems, there are oxygen vacancies present ͑i.e., oxygen/metal ratio Ͻ2͒, but for simplicity we will label and refer to them as Ce 1−x−y Zr x Tb y O 2 .
B. Time-resolved XRD experiments
The time-resolved x-ray diffraction data were collected at beamlines X7B ͑ = 0.922 Å͒ and X17B1 ͑ = 0.1655 Å͒ of the National Synchrotron Light Source ͑NSLS͒ in Brookhaven National Laboratory ͑BNL͒. An identical setup system was employed in both beamlines. 8, 19, 22 In the experiments dealing with the thermal stability and sintering of the Ce 1−x−y Zr x Tb y O 2 nanoparticles, the sample was kept in a sapphire capillary and heated using a small resistance heater placed around the capillary. 22 A chromel-alumel thermocouple was used to measure the temperature of the sample. Two-dimensional powder patterns were collected with a Mar345 image plate detector and the powder rings were integrated using the FIT2D code. 23 From the high-energy XRD data, lattice constants were determined by a Rietveld analysis using the general structure analysis system ͑GSAS͒ program. 24 To calculate the strain in the lattice of the Ce 1−x−y Zr x Tb y O 2 samples from the in situ data, we used the commercial REFLEX package 25 provided by Accelrys. The instrument parameters were derived from the fit of a Si reference pattern to the Thompson-Cox-Hastings profile coefficients 25͑b͒ and
Baldinozzi-Berar asymmetry correction.
25͑c͒ Then, the sample size 25͑d͒ and strain 25͑e͒ were determined from the peak broadening in the nanoparticles. The cell dimensions determined by the methodologies mentioned above differed slightly ͑Ͻ0.04 Å͒ because different corrections were applied and different ranges of diffraction were used. The trends were identical and we have consistently used the cell parameters from the REFLEX package.
C. XANES experiments
The L III -edge XANES spectra of Ce, Zr, and Tb were collected at the NSLS on beamline X19A in the "fluorescence-yield mode" using a boomerang-type flat crystal monochromator and a special cell with a modified SternHeald-Lytle detector. 8, 18 Beamline U7A was utilized to record the O K-edge spectra. This beamline is equipped with a toroidal-spherical grating monochromator. The O K-edge spectra were taken in the "electron-yield mode" by using a channeltron multiplier located near the sample surface. 8, 18 All the XANES spectra were taken at room temperature and the energy resolution was close to 0.5 eV.
D. Raman experiments
Raman spectra were obtained at room temperature with a Renishaw dispersive system 1000, equipped with a cooled thermal-conductivity detector ͑TCD͒ and holographic notch filter. The samples were excited with the 633 nm He:Ne laser line and the spectra consisted of 50 accumulations with a total of 10-15-min acquisition time, using a typical running power of 2 -10 mW. Care was taken in minimizing heating of the samples; peak positions were seen constant within 2-3 cm −1 .
E. Theoretical methods
The first-principles DF calculations reported in Sec. III were performed using the Cambridge serial total-energy package ͑CASTEP͒ suite of programs. 26 CASTEP has an excellent track record in accurate prediction of geometry and energetics for oxide systems. 8,18,19,26͑a͒,27 In this code, the wave functions of valence electrons are expanded in a plane-wave basis set with k vectors within a specified energy cutoff E cut . Tightly bound core electrons are represented by nonlocal ultrasoft pseudopotentials. 28 Brillouin-zone integration is approximated by a sum over special k points chosen using the Monkhorst-Pack scheme. 29 In all the calculations, the kinetic-energy cutoff E cut ͑400 eV͒ and the density of the Monkhorst-Pack k-point mesh were chosen high enough in order to ensure convergence of the computed structures and energetics. The exchange-correlation contribution to the total electronic energy was treated in a generalized-gradient approximation ͑GGA͒ corrected form of the local-density approximation ͑LDA͒: Perdew-Burke-Ernzerhoff functional. 30 To investigate the properties of the bulk Ce 0.33 Zr 0.33 Tb 0.33 O 2 oxide, we employed the cell shown in Fig. 1 , which contained 24 O atoms plus 4 atoms of Ce, Zr, and Tb ͑12 metal atoms in total͒. In a first approximation, the atoms of Zr and Tb were set in the pattern shown in Fig. 1 . Then, possible permutations for the four Zr and four Tb atoms were considered, and the properties of Ce 0.33 Zr 0.33 Tb 0.33 O 2 were determined by taking an average over all these permutations. 31 For each one of these permutations, we relaxed the crystal geometry before obtaining average values of lattice constants, metal-oxygen distances, charges, etc. The structural parameters of bulk CeO 2 and the Ce 0.33 Zr 0.33 Tb 0.33 O 2 system in its different configurations were determined using the Broyden-Fletcher-GoldfarbShanno ͑BFGS͒ minimization technique, with the following thresholds for the converged structures: energy change per atom less than 5 ϫ 10 −6 eV, residual force less than 0.02 eV/ Å, the displacement of atoms during the geometry optimization less than 0.001 Å, and the rms of the stress tensor less than 0.1 GPa.
For each optimized structure, the partial charges on the atoms were estimated by projecting the occupied oneelectron eigenstates onto a localized basis set ͑which included pseudo-orbitals representing the valence levels of O, Ce, Zr, and Tb͒ with a subsequent Mulliken population analysis. 32 Any charge partition scheme has approximations, 33 but the Mulliken analysis has shown frequently to be useful for studying qualitative trends in charge distribution. 8, 18, 19 
III. RESULTS AND DISCUSSION
A. Structural properties of Ce 1−x−y Zr x Tb y O 2
For bulk CeO 2 , the most stable conformation involves a fluorite-type structure in which each Ce atom is surrounded by eight oxygen atoms and the Ce-O bond distances are ϳ2.36 Å. 4 The corresponding lattice constant ͑a͒ is 5.41 Å. Transmission electron microscopy ͑TEM͒ images indicate that the nanoparticles have sizes ranging from 5 to 7 nm. 9 The small size of these systems limits the resolution of our structural analysis for the nanoparticles, and the a parameter listed in some cases may represent an average value for a pseudocubic phase with a slight tetragonal or related distortions. The results of DF calculations for bulk Ce 0.33 Zr 0.33 Tb 0.33 O 2 and Raman spectra for the nanoparticles suggest the existence of small tetragonallike distortions. In XRD, one would not expect to observe these slight tetragonal distortions because the diffraction peaks for the nanoparticles were very broad ͑see below͒.
A In the bottom panel of Fig. 4 , the starting point is Ce 0.5 Tb 0.5 O 2 and Tb is added. In these ternary oxides, one sees a behavior for the cell parameters that is opposite to the expectations from Vegard's rule. As we will see below, the XANES spectra for these oxides show the dominant presence of Tb 3+ and very little Tb 4+ in addition to differences in Zr local order. In fact, for stoichiometric Ce 0.33 Zr 0.33 Tb 0.33 O 2 , the DF calculations predict a local structure around the cations that shifts the oxygens to positions different from those seen in the fluorite cells of CeO 2 , ZrO 2 , or TbO 2 . These structural distortions, which contrast with the ideal predictions of the Vegard's rule, are a consequence of forcing the coexistence of Zr 4+ and Tb 4+ cations into an oxide lattice that is too big for their ionic radii.
From the variation of the peak width with 2 in powder diffraction, one can obtain a strain parameter 25 that is a measure of the lattice stress existing in the oxide because of crystal imperfections: 16 O vacancies, other point defects, line defects, and plane defects. In previous studies, a qualitative correlation between the chemical reactivity and the strain parameter of ceria-based nanoparticles was found. 8, 17 A strong correlation between oxygen storage capacity and lattice strain has been observed for Ce 1 Raman spectroscopy can be useful to detect the oxygen sublattice distortions predicted by DF calculations and the existence of O vacancies in ceria-based materials. 16 Raman spectra taken at 25°C for a series of Ce 1−x−y Zr x Tb y O 2 nanoparticles are shown in Fig. 6 . As a general result, the spectra show three well-defined bands at ca. 604, 474-5, and 282 cm −1 , and maybe a broad contribution at the high wavenumber side of the 604 cm −1 peak. The Ce 1−x−y Zr x Tb y O 2 nanoparticles Raman spectra mainly differ in the behavior of this latter peak. While its height and width are rather constant for samples having a 1:1 Ce:Tb atomic ratio, both parameters are clearly sensible to the Tb quantity present in samples with a 1:1 Ce:Zr atomic ratio. This fact and the presence of a similar peak in the TbO 1.7 reference 8 would indicate a somewhat localized nature and/or dominant contribution of O ions near Tb in this peak, which may be thus indicative of a specific structural distortion around this cation in the ternary oxides. It should be, however, noted that UVvis spectra ͑results not shown͒ indicate a gradual loss of absorbance at 633 nm for samples having a 1:1 Ce:Zr atomic ratio and decreasing quantities of Tb. Therefore, the sample depth analyzed by Raman varies significantly and differences in Tb radial distribution in the nanoparticles may also affect the 604-cm −1 peak behavior. A nonhomogeneous radial distribution of Tb is, however, not expected due to the lack of segregation after treatment at high temperatures ͑see below͒. This phenomenon does not occur in the 1:1 Ce:Tb series as their absorbance at 633 nm is rather high in all cases.
Based on previous experience with Ce binary oxides, 8, [18] [19] [20] [21] the presence of two bands at ca. 600-550 and 250 cm −1 together with the F 2g fluorite-related 475 cm −1 peak can be associated with simple structural distortions of the cubic-fluorite oxygen sublattice. The broad peak at 604 cm −1 may also content a vacancy-related second-order contribution. 36͑b͒ In any case, the spectra are compatible with a pseudocubic, tetragonal tЉ symmetry, 36 and consistent with the tetragonal-like symmetry obtained from the DF calculations. The marked asymmetry of the main 475 cm −1 peak and the broad nature of all contributions with respect to a CeO 2 nanoparticle reference 8 indicate the existence of strong phonon confinement effects, 16 which could be a consequence of either a nonhomogeneous distribution of vacancy domains ͑ordering effect of the vacancy distribution͒ and/or the structural distortion of the oxygen sublattice already mentioned. They match well with the diffraction pattern for a structure of the CeO 2 fluorite type. 4, 8 Up to 550°C, only minor changes in the diffraction lines are seen. Above 600°C, the diffraction lines for the mixed-metal oxide become sharper and intense due to sintering of the nanoparticles. After the sintering, there is a small change in the relative position of the diffraction lines that points again to a slight cell distortion. This is consistent with the DF results for bulk Ce 0.33 Zr 0.33 Tb 0.33 O 2 . The results of time-resolved XRD displayed in Fig. 7 are typical of those found upon the heating of the Ce 1−x−y Zr x Tb y O 2 nanoparticles. For all of these systems, there was no segregation of TbO x or ZrO x phases at elevated temperatures.
The top panel in Fig. 8 shows the effects of temperature on the particle sizes of nanoparticles of CeO 2 , Ce 0.5 Zr 0.5 O 2 , Ce 0.5 Tb 0.5 O 2 , and Ce 0.33 Zr 0.33 Tb 0.33 O 2 . The particle sizes were refined from TR-XRD data using a whole profile method. In general, they agree with the sizes seen in TEM images taken at room temperature. 9 At temperatures above 600°C, there is sintering and the particle size rises. Fig. 8 displays the effects of temperature on the cell dimensions of the oxide nanoparticles. Two different slopes are observed with the break point at around 600°C. The different slopes imply that the change in cell dimension was not only a consequence of thermal expansion, which dominates below 600°C, 8 but was also affected by the sintering process above that point.
B. Electronic properties of Ce 1−x−y Zr x Tb y O 2
Experimental and theoretical studies indicate that bulk CeO 2 is not a fully ionic oxide, [6] [7] [8] particles. The first three peaks in the spectrum for pure CeO 2 are related to electronic transitions from the O 1s core levels into the empty O 2p-hole states located in the ceriumdominated 4f, 5de g , and 5dt 2g levels/bands. 18 Once that zirconium and terbium are present in the oxide, then electronic transitions from the O 1s core levels to the O 2p-hole states located in Zr͑4d͒-and Tb͑4f ,5d͒-dominated states are possible. 8, 18 The addition of Zr and Tb to ceria produces substantial changes in the line shape of the O K-edge region. The top panel in Fig. 9 compares the experimental spectrum ͑solid trace͒ for Ce 0.33 Zr 0.33 Tb 0.33 O 2 nanoparticles and that obtained by adding the corresponding spectra for CeO 2 , ZrO 2 , 18 and TbO x ͑Ref. 8͒ weighted by the concentration of the metals in the ternary oxide ͑dashed line͒. There are small but clear differences in the line shape of the experimental and calculated spectra. This can be detected in the energy position of the four Ce-dominated continuum resonances ͑CRs͒ visible in the spectra; they are shifted from the "sum" spectrum maxima according to the ͑E R − E 0 ͒ R 2 = const rule ͑where E R is the energy of the resonance, E 0 is the zero of the photoelectron kinetic energy, and R is the first coordination distance͒ 37 which predicts a larger separation for CRs located at higher energy, indicating that the main difference between these two spectra is related to the cell parameter contraction of the ternary system with respect to the CeO 2 reference system. Besides this, the peaks are broadened by the increasing disorder of the ternary oxide ͑see strain discussion in Sec. III A͒ as well as by the presence of the mentioned Zr and Tb contributions. Ce L III -edge XANES spectra for CeO 2 and Ce 1−x−y Zr x Tb y O 2 nanoparticles are shown in Fig. 10 . The Ce L III edge is frequently used as a "fingerprint" to characterize the electronic properties of ceria-based materials. 16, 18, 37, 38 However, the electronic transitions behind these XANES features are complex and not fully understood. 37, 38 The two main peaks correspond to two final-state configurations, describable as ͓ * ͔4f 1 L n−1 5d 1 and ͓ * ͔4f 0 L n 5d 1 . 38 The Ce L III -edge spectra for the mixed-metal oxides show minor differences with respect to that for pure CeO 2 . No clear signal is seen for the presence of cerium atoms in a formal oxidation state of "+3". 16, 19, 37, 38 Figure 11 displays Zr L III -edge spectra for bulk ZrO 2 and Ce 1−x−y Zr x Tb y O 2 nanoparticles. At the temperatures at which the spectra were acquired ͑ϳ25°C͒, a monoclinic crystal structure is the thermodynamically stable phase for microsized or bulk ZrO 2 . 4, 16 The two main features ͑a , b͒ in the Zr L III edge correspond to electronic transitions from the occupied Zr 2p orbitals to the empty Zr 4d orbitals, which are split into orbitals with t and e symmetry. 37, 39 In oxides, the relative intensity of the a and b peaks depends strongly on the chemical environment around the Zr cations. 18, 39 40 This can help to explain why the cell parameters of these systems deviate so much from the predictions of Vegard's rule ͑bottom panel in Fig. 4͒ . A point to remark is that the presence of Tb in ternary systems having equal amounts of Ce and Zr strongly influences the local geometry of Zr, modifying the typical one characteristic of the "parent" Ce 0.5 Zr 0.5 O 2 binary system. 9, 10, 18 Independently of the local geometry, Zr is in the +4 oxidation state through the ternary series studied.
Tb L III -edge spectra for a and Ce 1−x−y Zr x Tb y O 2 nanoparticles are compared in Fig. 12 .
Two intense components, a and b, and a weak, broad one are evident in the spectrum for TbO x . In terbium oxides, the a / b intensity ratio increases when Tb 4+ is progressively reduced to Tb 3+ . 8, 37, 42 All lanthanide oxides only display a single peak near the edge ͑white line͒ for the +3 state. 37, 42 The XANES spectra in Fig. 12 Starting with the unit cell shown in Fig. 1 
͑4͒
In principle, if one assumes the validity of formal oxidation states, the removal of two O atoms from the unit cell leaves behind four electrons that can be used to reduce the charge of four metal cations from +4 to +3. Of course, the process is more complex than this because none of the oxides in reactions ͑1͒-͑4͒ is fully ionic. In previous studies a qualitative correlation between the strain parameter and the chemical reactivity of oxide nanoparticles was found. 8,10͑e͒,17 Studies with well-defined singlecrystal surfaces have shown the important role that O vacancies and structural imperfections play in the chemical properties of ceria-based oxides. 17, 43 The reduction by reaction with H 2 and the cleavage of the S-O bonds in adsorbed SO 2 cations and lattice defects in the Ce 1−x−y Zr x Tb y O 2 nanoparticles. 8, 17 Indeed, preliminary studies of H 2 -temperature programmed reduction indicate that these ternary oxides start to react with H 2 ͑50-100°C͒ much sooner than pure ceria nanoparticles ͑Ͼ300°C͒. 44 In addition, the adsorption of SO 2 on ceria nanoparticles at 25°C produces SO 4 /SO 3 groups with a negligible decomposition of the adsorbate, 17 whereas on Ce 0.33 Zr 0.33 Tb 0.33 O 2 a substantial amount of sulfur is deposited on the oxide as a result of S-O bond cleavage. 44 Ce 1−x Tb x O 2 compounds have been reported to have a superior performance in the storage or release of oxygen when forming part of the three-way catalysts ͑TWC͒ used to reduce the emissions of CO, NO x , and hydrocarbons from automobile exhaust. 20, 21, 45 It was proposed that the presence of O vacancies associated with Tb 3+ contributed to enhance the oxygen mobility. 21 In this respect, since the concentration of Tb 3+ in Ce 1−x−y Zr x Tb y O 2 is larger than in Ce 1−x Tb x O 2 , one can expect that the ternary oxides will be very good for the storage/release of oxygen.
IV. SUMMARY AND CONCLUSIONS
Synchrotron-based time-resolved XRD, XANES, Raman spectroscopy, and first-principles DF calculations were used to study the structural and electronic properties of Ce-Zr-Tb oxide nanoparticles. The The Ce 1−x−y Zr x Tb y O 2 systems are not fully ionic, and are best described as ionocovalent compounds. The valence bands of the ternary oxides contain not only O 2p character but also a significant contribution from orbitals of Ce, Zr, and Tb. The O K-edge and Tb L III -edge XANES spectra for the Ce 1−x−y Zr x Tb y O 2 nanoparticles point to the existence of distinctive electronic properties. In Ce 1−x−y Zr x Tb y O 2 there is an unexpected high concentration of Tb 3+ , which is not seen in TbO 2 or Ce 1−x Tb x O 2 and enhances the chemical reactivity of the ternary oxide. Tb↔ O ↔ Zr interactions produce a stabilization of the Tb͑4f ,5d͒ states that is responsible for the high concentration of Tb 3+ cations. This phenomenon illustrates how important can be metal↔ oxygen↔ metal interactions for determining the properties of a ternary oxide.
